Rare Metal Materials and Engineering
Volume 51, Issue 9, September 2022
Available online at www.rmme.ac.cn

(1111 .
9‘3 Science Press

Cite this article as: Zheng Wei, Han Junzhao, Duan Xing, et al. Mechanical Properties of Al,,CoCrFeNi High

Entropy Alloy Based on Molecular Dynamics Study[J]. Rare Metal Materials and Engineering, 2022, 51(09):

3230-3235.

Mechanical Properties of Al,,CoCrFeNi High Entropy Alloy
Based on Molecular Dynamics Study

Zheng Wei', Han Junzhao', Duan Xing?

Chen Wenhua'

" National and Local Joint Engineering Research Center of Reliability Analysis and Testing for Mechanical and Electrical Products, Zhejiang

Sci-Tech University, Hangzhou 310018, China; ? College of Materials and Environmental Engineering, Hangzhou Dianzi University, Hangzhou

310018, China

Abstract: The microstructure and mechanical properties of Al,,CoCrFeNi single crystal high entropy alloy (HEA) under axial tensile

loading at room temperature (300 K) were investigated by molecular dynamics method. The tensile properties of the single crystal

HEA were analyzed by changing the simulated strain rate and temperature. The microstructure and tensile properties of the single

crystal HEA with small surface cracks were studied by simulating tensile experiments at room temperature. Results demonstrate that

the tensile strength is increased with increasing the strain rate in a certain range; the Young’s modulus and tensile strength are

increased with decreasing the temperature at strain rate of 10" s™'. The single crystal HEA with small through cracks on surface

presents a necking phenomenon after stretching for a period, and the stress concentration occurs at the crack tip along with the rapid

development of a large number of slip dislocations, resulting in the rapid fracture.
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The high entropy alloy (HEA) has excellent properties',
such as ultra-high strength, good plasticity, and damage
tolerance, and it can easily form single-phase solid solution,
which attracts much attention in recent years™. Particularly,
four core effects of HEAs have been widely investigated and
applied: high entropy, lattice distortion, sluggish diffusion,
and cocktail effect™.

HEAs can be classified by the element proportion into
equimolar and non-equimolar HEAs. In addition, HEAs can
also be distinguished through the crystal structure of single-
phase solid solution of HEAs, such as CoCrMnNi® and
Al,,CoCrFeNi alloys with face-centered cubic (fcc)
structure, MoNbTaVW! alloy with body-centered cubic (bcc)
structure, and AlSc,,Hf,,Ti, Zr,*! alloy with hexagonal close-
packed (hcp) structure.

Rogal et al” prepared four types of Al-Co-Cr-Fe and Al-Co-
Cr-Fe-Ni HEAs with different components by mechanical
alloying and spark plasma sintering consolidation. The matrix
and grains of the alloys have fcc structure and the variation of
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mechanical properties corresponds to the crystal structure
change. It is demonstrated that the nickel addition leads to the
formation of plastic fcc phase, which causes the decrease in
strength with increasing the plasticity. Kemény et al'”
synthesized a new type of AICoCrFeNi HEA film by
electrochemical deposition method and discussed its corrosion
behavior in 3.5wt% NaCl solution. It is found that the
corrosion resistance of the HEA film is better than that of the
copper substrate, and with increasing the Al content, the as-
cast AlCoCrFeNi alloy is transformed from single-phase fcc
structure to fcc and bee mixture structure during the process,
and ultimately to bce structure when the alloy was prepared
by vacuum arc casting method"'". The single-phase fcc solid
solution normally contains <l1at% Al, while the single-phase
bee solid solution contains at least 18.4at% Al in AlICoCrFeNi
HEA system.

Molecular dynamics (MD) simulation can predict and
analyze the microstructure and properties of HEAs. Lin et al"?
studied the cascade process of atomic dissociation induced by
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irradiation of NiCoCrFe HEA and pure Ni by MD method and
the irradiation resistance mechanism of NiCoCrFe HEA was
obtained through the comparative analysis. Choi et al™
investigated the influence of each element on the solid
solubility of the classical CoCrFeMnNi HEA with equiatomic
ratio by MD simulation. It is found that the hysteresis
diffusion effect is caused by the existence of numerous lattice
holes with high migration barrier and stable energy in HEA,
and the formation of micro-twinning at low temperature
results from the more stable energy of hep structure.

AICoCrFeNi HEA has been widely studied due to its
excellent properties with promising application potential*'”.
However, because of the complex multi-element components,
it needs a lot of calculations to obtain an accurate potential
function. In this research, the potential function in Ref. [16]
was used to simulate the micro-crystal changes of
Al,,CoCrFeNi single crystal HEA under axial tensile loading
by MD method. Meanwhile, the effects of temperature and
strain rate on the mechanical properties of the single crystal
HEA were investigated, and the mechanism of crack
propagation under tensile loading was analyzed by adding
small surface cracks.

1 Simulation Model Construction

The Al,,CoCrFeNi HEA specimens for tensile tests were
prepared"” into specific shape, as shown in Fig. la. The
embedded atom method (EAM)"® and the potential function
in Ref.[16] were used in this research. The Al ,CoCrFeNi has
single-phase solid solution of fcc structure™''l. The lattice
constants of Co, Cr, Fe, and Ni are similar and the Al content
is low, so the lattice constant of HEA was considered as 0.356
nm. The simulation model establishment was according to the
following steps. The crystal structure was established based
on fcc Fe element. Co, Cr, Ni, and Al atoms randomly
replaced Fe atom sites in proportion to form Al ,CoCrFeNi
single crystal HEA, and the interatomic interaction potential
was defined for energy minimization. Then, the space
rectangular coordinate system was established, and the model
was stretched at strain rate of 10" s™' along the y-axis after
relaxation. The high strain rate of 10" s™ is beneficial to the
computational efficiency and short data analysis duration!*>".
Lammps software was used to randomly replace the atoms on
the perfect fcc structure to construct the fcc single crystal
structure of Al, Ni, Co, Cr, and Fe elements with the molar
ratio of 1:10:10: 10: 10. Periodic boundary conditions were
employed in the simulation, and the model size was 20ax60a
x20a (a is the lattice constant). There were 96 000 atoms in
the whole model, and the time step of the whole simulation
process was 1 fs.

Before the simulation of axial tensile loading, the whole
system was minimized and relaxed under the isothermal
isobaric ensemble. Thus, the whole simulation system reached
the equilibrium state. During the loading process, the pressure
was solely applied along y-axis. The quasi-static loading of
the model was realized by regularly increasing the strain, and
the position of each atom and the stress-strain values were

Fig.1 Schematic diagram of tensile specimen (a) and simulated

atomic diagram (b) of Al;,CoCrFeNi single crystal HEAs

obtained.
2 Results and Discussion

2.1 Mechanical properties of Al ,CoCrFeNi single crystal
HEA

Fig.2 shows the stress-strain curve of Al ,CoCrFeNi single
crystal HEA under axial tensile loading at room temperature
(300 K). It can be found that there are four stages: elastic
deformation stage (E), yield deformation stage (A~C),
strengthening stage (C~B), and plastic deformation stage
(B~K).

The elastic deformation stage is the initial stress stage of
solid materials, and the relationship between stress and strain
is linear conforming to Hooke’s law. In addition, Young’s
modulus can be obtained as 205 GPa, which is much higher
than that of common single crystal metal or in the simulation.
There is a long stage of hysteretic behavior, indicating that the
alloy cannot be completely restored to its original state. The
Young’s modulus of Al CoCrFeNi HEAs with fcc structure is
commonly 180~230 GPa"™, inferring that the simulation
results agree well with the experiment results.

With increasing the strain, the elastic deformation changes
to plastic deformation, indicating the non-uniform plastic
deformation stage. The maximum tensile strength is achieved
in the uniform plastic deformation stage. In the non-uniform
plastic deformation stage, the model deforms rapidly and

25

— N
w (=]
T T

—_
(=]
T

Stress/GPa

0.0 0.1 0.2 0.3 04
Strain

Fig.2 Stress-strain curve of Al  ,CoCrFeNi single crystal HEA under

axial tensile loading at room temperature
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finally fractures. The yield strength, tensile strength, and
calculated elongation™ is 21.1 GPa, 21.5 GPa, and 37.5%,
respectively.

Fig. 3 reveals the crystal microstructure changes of
Al,,CoCrFeNi single crystal HEAs during tensile deformation
by Ovito software and common neighbor analysis (CNA)
method. Green, blue, red, and grayish white atoms represent
the fce, bee, hep, and disordered structure atoms, respectively.

Fig. 3a shows the atomic state at strain of 4.3%, and bcc
structure atoms appear. Fig.3b demonstrates the atomic state
at strain of 13.9%, corresponding to the elastic phase and the
end of the anelastic phase. Under this condition, the fcc, bec,
and disordered atoms account for 84.6%, 4.6%, and 10.8%,
respectively. It is obvious that a large number of bce atoms
occur in the atomic model at strain of 15.0% (Fig.3c). With
increasing the strain from 13.9% to 15.0%, the formation of
stacking faults and twinning causes the stress relaxation along
the axial stress direction, and the stress suddenly drops in this
stage. The decreasing rate is related to the formation rate of
stacking faults and twinning. With increasing the strain from
15.0% to 18.4%, the number of bcc atoms slightly changes,
while that of disordered atoms changes obviously. Meanwhile,
the number of hcp atoms increases from basically zero to
8.4% in this stage. The increase in grain boundaries improves
the strength and plastic deformation energy of the alloys, and
therefore the stress is increased accordingly. Fig. 3e and 3f
show the atomic states at strain of 23.5% and 29.9%,
respectively. It is found that there are generous disordered
atoms, the size of holes and other defects is increased, and the
stress is decreased greatly with increasing the strain until
fracture.

The stress after point C firstly increases and then decreases.
This phenomenon may be attributed to the formation of three-
dimensional stacking fault network, which hinders the
dislocation movement and further provides a preferred
position for the formation of hcp atoms, resulting in the
strengthening stage™. The effect of dislocation movement is
different from that of the strain rate, and an obvious

strengthening process can be achieved in the appropriate strain
rate range'™’.
2.2 Effect of strain rate on mechanical properties

MD models of Al,,CoCrFeNi HEA were established under
th simulation conditions of temperature of 300 K and the
strain rates of 10%, 10°, 10'°, 10", and 10" s™".

The stress-strain curves all show similar trends at different
strain rates, as shown in Fig. 4. In the elastic deformation
stage, the stress is linearly increased, and the elastic modulus
is not affected by the strain rate. The strengthening stage is
extremely short, and the stress decreases rapidly until fracture
after entering into the yield stage.

Normally, the higher the strain rate, the bigger the radius of
stress-strain curve around the peak value, therefore the longer
the tensile process. It can be seen that the Young’s modulus of
Al ,CoCrFeNi single crystal HEA is basically unchanged at
different strain rates. As shown in Fig.4, the yield strength is
improved from 19.6 GPa to 33.6 GPa, i.e., it is increased by
71.4%, with increasing the strain rate from 10°s™" to 107 s™.
2.3 Effect of temperature on mechanical properties

The effect of temperature on the mechanical properties of
Al, ,CoCrFeNi HEAs was investigated by increasing the
simulation temperature from 100 K to 1000 K, as shown in
Fig.5 and Fig.6. The general trends of stress-strain curves at
different temperatures are consistent with those in Fig.4. The
stress is firstly increased linearly, slightly decreased, then
increased again, and finally decreased until fracture. The
simulation results show that the Young’s modulus and strength
of alloys are decreased with increasing the temperature in a
certain range, which conforms to the traditional theory. With
decreasing the simulation temperature, the maximum tensile
strength is increased, and the elastic modulus rises slightly.
The strain corresponding to the first peak stress increases, and
the plasticity is improved simultaneously. When the average
kinetic energy of atoms is small at low temperature, the plastic
deformation occurs only when the tensile force is relatively
large. With increasing the temperature, the average kinetic
energy of atoms is increased greatly, and the force between

Fig.3 Microstructures of Al ,CoCrFeNi single crystal HEAs at strain of 4.3% (a), 13.9% (b), 15.0% (c), 18.4% (d), 23.5% (e), and 29.9% (f)
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Fig.4 Stress-strain curves of Al ,CoCrFeNi single crystal HEAs at

different strain rates
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Fig.5 Stress-strain curves of Al ,CoCrFeNi single crystal HEAs at

different temperatures
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Fig.6  Yield strength of Al ,CoCrFeNi single crystal HEAs at

different temperatures

atoms is decreased with the addition of atomic spacing, which
all result in the decreased Young’s modulus, early plastic
deformation, and the low ultimate tensile strength. The tensile
simulation results at 300 and 100 K show good agreement
with the experiment results of tensile properties of
Al,,CoCrFeNi HEA wire®™. The
elongation are increased with reducing the temperature, and

tensile strength and

some nano-twins can be observed at low temperature.
2.4 Effect of surface crack on mechanical properties

In order to investigate the effect of surface cracks on the

mechanical properties of Al ,CoCrFeNi single crystal HEAs,
a crack was added on the model surface, as shown in Fig.7.
The size of the model cell is 20ax60ax20a, and there is a
small crack with a length of 20« on the surface. The simulated
temperature is 300 K, and the relaxed configuration is
uniformly stretched along the y-direction at the strain rate of
10°s™

According to Fig.8, the surface crack leads to a significant
decline in tensile strength and ductility of alloys. The crack
does not affect the Young’s modulus, but results in the
formation of necking zone in tension, accelerating the fracture
process. Therefore, the stress concentration occurs at the crack
tip and the slip dislocation is formed.

As shown in Fig. 9a, the line defect is formed on the
symmetrical surface of the crack due to the tensile loading. A
linear defect also appears on the symmetrical surface of initial
crack due to the tensile loading, and the necking zone is
formed with increasing the strain. The hcp atoms appear when
the strain is 7.4%. Before that, the atoms are all fcc atoms.
When the strain is 9.9%, there are only a few bce atoms. The
stress concentration at the crack tip is notable on the opposite
side of the initial crack, and the atoms near the defects are
staggered to form the slip dislocation.

The tensile strength reaches the maximum when the strain
is 12.4%, and abundant slip dislocations are formed with the
development of 1/6<110> Schottky dislocation fragments in

Fig.7 Simulated 2D (a) and 3D (b) atomic diagrams of
Al ,CoCrFeNi single crystal HEAs with a surface crack
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Fig.8 Stress-strain curves of Al  ,CoCrFeNi single crystal HEAs
with and without a surface crack at temperature of 300 K and

strain rate of 10"’ s™!
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Fig.9 Microstructures of Al, , CoCrFeNi single crystal HEAs with

surface crack at strain of 9.9% (a) and 12.4% (b)

the Al,,CoCrFeNi single crystal HEAs with a surface crack.
The stress is decreased rapidly with the deformation further
proceeding, and the necking area becomes larger and larger
until fracture, as shown in Fig.9b.

3 Conclusions

1) The Al ,CoCrFeNi single crystal high entropy alloy
(HEA) under axial tensile loading at room temperature
undergoes four stages: elastic deformation stage, yield
deformation  stage, stage,

deformation stage before fracture. The Young’s modulus of

strengthening and plastic
nanocrystalline can reach 205 GPa, and the tensile stress
decreases and then increases in a short time after reaching the
yield strength, because of the formation of massive body-
centered cubic (bcc) atoms.

2) The stress-strain curves of Al,,CoCrFeNi single crystal
HEAs are similar at different strain rates within a certain
range. The elastic deformation stage shows an approximately
linear rise in stress. The strengthening stages are quite short
after entering into the yield deformation stage, and the stress
decreases rapidly until fracture. The higher the strain rate, the
longer the tensile process, which is related to the growth of
dislocation density and tensile resistance with increasing the
strain rate.

3) With increasing the temperature, the stress is firstly
increased and then decreased rapidly. The elastic deformation
stage is very short and the maximum tensile strength is high.
The decrease in simulation temperature can increase the yield
strength, maximum tensile strength, plasticity, and Young’s
modulus, because the dislocation motion resistance is
increased and the atomic thermal activation ability is
decreased.

4) The surface crack does not affect the elastic modulus and
leads to the formation of necking zone in the Al ,CoCrFeNi
single crystal HEA. It is worth mentioning that the stress
concentration at the crack tip results in the formation of slip

dislocation, which accelerates the fracture process.

References

10

11

12

13

14
15

16

17

18

19

20

21

22

23

24

Yeh J W, Chen S K, Lin S J et al. Advanced Engineering
Materials[J], 2004, 6(5): 299

Zhang Y, Zuo T T, Tang Z et al. Progress in Materials Science
[J], 2014, 61: 1

Li WD, XD, Li DY et al. Progress in Materials Science[J],
2021, 118: 100 777

Chang Haitao, Huo Xiaofeng, Li Wanpeng et al. Rare Metal
Materials and Engineering[J], 2020, 49(10): 3663 (in Chinese)
Yang T H, Cai B, Shi Y J et al. Micron[J], 2021, 147: 103 082
Fan Q K, Chen C, Fan C L et al Surface and Coatings
Technology[J], 2021, 418: 127 242

Maresca F, Curtin W A. Acta Materialia[J], 2020, 182: 235
Vaidya M, Sen S, Zhang X et al. Acta Materialia[J], 2020,
196: 220

Rogal L, Szklarz Z, Bobrowski P et al. Metals and Materials
International[J], 2019, 25(4): 930

Kemény D M, Miskolcziné P N, Fazakas E. Materials Today:
Proceedings[J], 2021, 45(5): 4250

Wang W R, Wang W L, Wang S C et al. Intermetallics[J], 2012,
26: 44

Lin Y P, Yang T F, Lang L et al. Acta Materialia[J], 2020,
196: 133

Choi W M, Jo Y H, Sohn S S et al. Computational Materials[J],
2018, 4(1): 1

Yang H X, LiJ S, Guo T et al. Rare Metals[J], 2019, 39(2): 156
Yang H X, Li J S, Pan X Y et al. Journal of Materials Science
and Technology[J], 2021, 72: 1

Farkas D, Caro A. Journal of Materials Research[J], 2020,
35(22): 3031

Ma N, Liu S F, Liu W et al. Frontiers in Bioengineering and
Biotechnology[J], 2020, 8: 603 522

Baskes M 1, Daw M S, Foiles S M. MRS Symposia Proceedings
[J], 1988, 141: 31

Liu Xiaobo, Xiong Zhen, Fang Zhou et al. Rare Metal Materials
and Engineering[J], 2019, 48(9): 2745

Li Jian, Guo Xiaoxuan, Ma Shengguo et al. Chinese Journal of
High Pressure Physics[J], 2020, 34(1): 35 (in Chinese)

Cao Hui, Rui Zhiyuan, Feng Ruicheng et al. Rare Metal
Materials and Engineering[J], 2019, 48(4): 1102

Chen S, Oh H S, Gludovatz B et al. Nature Communication|[J],
2020, 11(1): 826

Fan H D, Wang QY, El-Awady J A et al. Nature Communication
[J], 2021, 12(1): 1845

LiDY, Li C X, Feng T et al. Acta Materialia[J], 2017, 123: 285



Zheng Wei et al. / Rare Metal Materials and Engineering, 2022, 51(9):3230-3235 3235

Al CoCrFeNi S & & NTF MRS FIINERR

RO, ERE, BB Horde!
(1. WIVTEE RS HLHL ™ o] S5 2 A 5 R [ St B & TRERT bt WYL B 310018)
Q2. M E TR K MBS TR, Wil Sl 310018)

B . WU TEIETTEMI T AL CoCrFeNi @ Sl & BE IR (300 KO Rl o5 iU 2R RE A4 o 33 SR ik
PURASHAFIRSE, 0T 7 RS i & SRR kR R IR AL SEI, BT T S RN RS R K R A SR R . 45K
RW], AT AR — REVE R I, UL 5 7 A KT K S AR R0y 107 7 I, A DR A 0 4ar feh i B2 ol 2 o 1
TR 2RI 57 /NROUN TP e & AR — BON ) ISR, BEE KRB AL R e, RaUm BN /)%,
FEPLE TR .

KA mE s 0 TEN RiiERE: R

EF A A8 6, 3, 198744, /s, WL ER O ML A = AT S 4 5 0 I S M g BB AR AT A L, WL B
310018, E-mail: 202010601024@mails.zstu.edu.cn



